UNCLASSIFIED

AD NUMBER

AD297083

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative/Operational Use; JAN 1963.
Other requests shall be referred to Air
Force Systems Command, Staff Judge
Advocate, Andrews AFB, Washington, DC.

AUTHORITY

AFSC per DTIC Form 55

THIS PAGE IS UNCLASSIFIED



w.“

0 297083

Reproduced
by the

ARMED SERVICES TECHNICAL INFORMATION AGENCY
ARLINGTON HALL STATION
ARLINGTON 12, VIRGINIA

®

UNCLASSIFIED

UNCLASSIFIED



NOTICE: When government or other drawlngs, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsocever; and the fact that the Govern-
ment may have formulated, furnished, or in any way
supplied the said drawings, specifications, or other
data 1is not to be regarded by implication or other-
wise as in any manner licersing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.



H

14

Yy
;_?:_ Qu:ttrswc.TDR.é?.-133 SWC
U 3 TDR
e 62-133

NO. 297

s

FU

4
A3

C:
PL .

291 083

EXPERIMENTAL TESTS FOR THE ACCELERATION

OF TRAPPED PARTICLES

by

Richard L. Kaufmann
1/Lt USAF

TECHNICAL DOCUMENTARY REPORT NO, AFSWC-TDR-62-133

January 1963

Research Directorate
AlR FORCE SPECIAL WEAPONS CENTER
Air Force Systems Command
Kirtland Air Force Base
New Mexico

Project No. 7811, Task No. 781107

This research has been funded by the
Defense Atomic Support Agency



HEADQUARTERS
AIR FORCE SPECIAL WEAPONS CENTER
Air Force Systems Command
Kirtland Air Force Base
New Mexico

When Government drawings, specifications, or other data ere used for
any purpose other than in connection with a definitely related Government
procurement operation, the United States Government thereby incurs no
responsibility nor any obligation whatsoever; and the fact that the Government
may have formulated, furnished, or in any way supplied the said drawings,
specifications, or other data, is not to be regarded by implication or other-
wise as in any manner licensing the holder or any other person or corporation,
or conveying any rights or permission to manufacture, use, or sell any
patented invention that may in any way be related thereto.

This report is made available for study upon the understanding that the
Government's proprietary interests in and relating thereto shall not be im-
paired. In case of apparent conflict between the Government's proprietary
interests and those of others, notify the Staff Judge Advocate, Air Force
Systems Command, Andrews AF Base, Washington 25, DC.

This report is published for the exchange and stimulation of ideas; it does
not necessarliy express the intent or policy of any higher headquarters.

Qualified requesters may obtain copies of this report from ASTIA,
Orders will be expedited if placed through the librarian or other staff member
designated to request and receive documents from ASTIA,



TDR-62-133

FOREWORD

The author is indebted to Jasper A, Welch, Jr. and William A,
Whitaker for a number of valuable comments and suggestions made during

the progress of this work.



TDR-62-133

ABSTRACT

Mechanisms which could result in the acceleration of charged particles
within the magnetosphere are discussed in terms of the responses expected
from experimental instruments as they pass through acceleration regions.
A series of experimental tests is outlined which can determine if acceler-
ation of trapped particles is important. The mechanisms discussed include
Fermi acceleration, which can accelerate protons to tens or hundreds of
kilovolts and can increase the energy of trapped electrons several hundred-
fold before they are lost in the dense atmosphere. A change in the intensity
of the solar wind or in the strength of a ring current can change the energy
of trapped particles by the betatron mechanisin. Electrons can be accel-
erated to kilovolt energies by the setting up of plasma oscillations, by accel-
eration within moving clouds or by intrusions of solar plasma. Finally,
particles may be accelerated to energies of 10 kilovolts or more in the

vicinity of neutral lines.
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1. INTRODUCTION,

A number of mechanisms have been proposed which could result in the
acceleration of charged particles trapped within the magnetosphere. Some
confusion can result, however, in the interpretation of experimental measure-
ments in terms of these mechanisms, In this work, the acceleration mech-
anisms will be reviewed and the responses expected from detectors as they
pass through regions in which acceleration is taking place will be described.
A set of measurements which can determine the importance of each acceler-

ation mechanism will also be proposed.

To examine the relative importance of acceleration as compared to other
mechanisms which could produce energetic trapped particles, several mech-
anisms which supplement local acceleration are described briefly in section 2.
In section 3, mechanisms which can accelerate trapped particles in the
boundary region (the region separating the magnetosphere from the inter-
planetary plasma) are described, and experimental tests are proposed which
can determine if each of these mechanisms is important. Mechanisms which
can accelerate trapped particles throughout the magnetosphere are similarly
treated in section 4. It is pointed out in section 5 that several additional
measurements are required concerning the structure of the magnetosphere
and the lifetimes of trapped particles to properly interpret the results of
measurements which determine if a given acceleration mechanism is operating.
Finally, in section 6, the fluxes of trapped particles which have been observed
are compared with the fluxes that would be produced by local acceleration,
and those acceleration mechanisms which are most likely to be important in
each region of the magnetosphere are selected.

2. THE IMPORTANCE OF ACCELERATION MECHANISMS TO THE PROBLEMS
OF TRAPPED RADIATION,

Present theories concerning the formation of the Van Allen belts and vari-
ations taking place in them are limited by lack of a firm understanding of the
mechanisms which transfer energy from the sun or from interplanetary space
to the magnetosphere. The mechanisms which will be emphasized in the
present work involve the local acceleration of charged particles which are
already present within the magnetosphere. To illustrate the significance of
local acceleration mechanisms to the entire trapped radiation problem, other

mechanisms will first be reviewed briefly.

1
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Neutron albedo, High-energy galactic cosmic rays and high-energy solar
particles can pass through the magnetosphere and strike the dense atmosphere
surrounding the earth, These particles will induce nuclear reactions when they
strike air atoms and will produce a number of secondary products. Those
products which are charged will mirror at low altitudes and lose energy quite
rapidly, so they will not contribute significantly to the flux of trapped particles.
Some of the neutrons which are produced, however, will escape from the
atmosphere and decay while passing through the magnetosphere. The products
of these neutrons can therefore become trapped so that their mirror points are
well above the dense atmosphere. This mechanism is generally referred to
as albedo neutron injection. It has been discussed in some detail by Hess
{1959) and by Lenchek and Singer (1962). The neutron ealbedo mechanism,
therefore, couples energy from high-energy particles in interplanetary space

to the trapped-particle regions via the production of new charged particles.

Direct injection. One obvious way to couple energy from interplanetary

space to the trapped particle regions is to inject high-energy particles directly
into the magnetosphere. Two types of direct injection will be of interest here,
First we can consider a steady state condition in which a stable magnetosphere
is surrounded by a uniform plasma containing energetic particles. In this
condition, particles will diffuse across the boundary separating the magneto-
sphere {rom interplanetary space, and an equilibrium will eventually be
reached. Assuming a magnetic field is present in the interplanetary plasma
and that energetic particles are constrained to move along these field lines,
then the ratio of the number density of energetic particles outside the magneto-
sphere to that inside will equal the ratio of field strengths outside to inside at
equilibrium. It has been observed experimentally that the magnitude of the
magnetic field does not change a great deal as the interface is crossed

(Cahill 1962), so the number density of particles just inside the magnetosphere

due to diffusion across the interface will approach the number ‘density outside.

A higher density could be reached inside if special forms of instabilities
exist on the interface. For example, it is conceivable that a tongue-shaped
intrusion of solar plasma could penetrate into the magnetosphere. If such an
intrusion formed, it would do so rather quickly, The conductivity on the

boundary of the intrusion would be high, so there would be little diffusion
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across this boundary during the formation stage. Such an intrusion would be
unstable and break up to leave one or more clouds of solar particles within

the magnetosphere. The earth's magnetic field wculd then slowly diffuse into
these clouds, and the particles within them wowuld become trapped. This
mechanism could therefore inject a high density of particles into the magneto-
sphere. There is, however, no experimental cvidence which suggests that
such large-scale intrusions penetrate to the heart of either Van Allen belt,
Therefore, it appears quite unlikely that they could be numerous enough to
produce the large changes observed in the outer Van Allen belt during geomag-

netic storms,

3, ACCELERATION IN THE BOUNDARY REGION,

In the preceding section, two mechanisms of energy transfer were described.
First, it is possible to produce new particles which have a large amount of
energy when they are formed; second, it is possible to directly inject energetic
particles into the magnetosphere. The third type of energy transfer that can
be imagined involves the acceleration of low-energy particles which are already

present within the magnetosphere.

Acceleration mechanisms can be divided into two classes. Some mech-
anisms are important only in the boundary region where the solar plasma comes
directly into contact with low-energy particles in the magnetosphere. The
second group of mechanisms that will be discussed can accelerate particles

anywhere within the magnetosphere.

Fermi acceleration in the boundary region, Fermi (1949, 1954) described

a mechanism by which the energy of moving magnetic fields can be transferred

to individual charged particles. The basic form of this mechanism involves

a hydromagnetic wave moving along a field line. If a charged particle approaches
the wave from the front it may, depending on its pitch angle, be reflected from
the moving wave. In the nonrelativistic limit, the particle's velocity will in-
crease by twice the wave velocity as a result of this reflection. Similarly, a
particle which overtakes the wave can be reflected, but this particle will be
decelerated. The net result of a large number of random interactions is a

slow transfer of energy from the wave to the individual charged particles.

Though a wave has been used in this illustration, Fermi acceleration can be

produced by any moving magnetic field, such as the field that could be carried
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within a plasma cloud.

The Fermi mechanism may be important in both the regions previously
mentioned, i.e., in the boundary region and throughout the magnetosphere.
In the boundary region, clouds or waves in the intevface itself will move with
velocities which roughly equal the solar-wind streaming velocity of several
hundred kilometers per second. The velocity of a charged particle is changed
by about the velocity of the moving disturbance in each interaction, so the
energy of electrons will be changed by 1 or a few electron volts at each inter-
action and few electrons will be accelerated to energies exceeding tens of
electron volts. Protons, however, will gain or Jose 1 to several kilovolts at
each interaction, so it appears possible to produce protons with energies of
tens or even hundreds of kilovolts in a time which is short compared to the
duration of a magnetic storm. A more detailed description of the energy dis-

tribution to be expected from this type of Fermi acceleration has been given
by Parker (1958).

The experimental measurements that are required to determine if the
Fermi mechanism is important in the boundary region can now be described.
This mechanism results in the acceleration of protons in the background
plasma to energies as high as tens or hundreds of kilovolts. However, a belt
of protons in this energy range does not necessarily imply that they were pro-
duced by Fermi acceleration. It is therefore necessary to determine if a
region exists in which Fermi acceleration is inevitable. The actual parameters

that must be measured in the boundary region are:
a. The extent of the turbulent region (or depth of penetration of intrusions).
b. The size of the turbulent structures or clouds.

c. Magnetic field strength as a function of position within the turbulent

structures.

d. Velocity {speed and direction) of the turbulent structures or of waves

in the interface 1itself.
e. Energy spectrum of protons in the background plasma.

Once these measurements have been made, the importance of this form of

the Fermi mechanism can be determined from an analysis similar to that given
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by Parker (1958). Since this mechanism may be important in only a small
part of the boundary region, measurements are required at several angles

from the earth-sun line.

A set of instruments which can make the required measurements will now
be described. A low-energy proton spectrometer will determine the proton-
energy spectrum and will detect the presence of turbulence or clouds of solar
particles. The energy range of importance is from 10 ev to 50 kev. Detec-
tion of protons with energies below 100 ev will require a measurement of the

vehicle potential to within a few volts (see appendix).

A magnetometer which takes readings at intervals of about 0.1 second will
provide the needed magnetic field measurements. These closely spaced read-
ings are required, since, if intrusions are formed, fhey will have thin boun-
daries (1 ion cyclotron radius thick) and they may have speeds up to the stream-
ing velocity of the solar plasma, This surface could therefore pass a detector

N | - . C
in = seconds where W, is the ion cyclotron angular frequency. This time

c
interval is 0.1 second if the field strength at the surface of an intrusion is

100 gammas. The requirement for a rapid repetition rate is also evident
from measurements which have been made in the boundary region in which an
appreciable change in the magnetic field was detected in a time interval of

1 second (Sonett, 1960}.

The most straightforward way of measuring the size, speed, and direction
of motion of clouds or turbulent structures and the direction of propagation
and dispersion relations of hydromagnetic waves is to use two or more de-
tectors separated by distances of a few hundred kilometers. The information
required from the second detector is the transif time of the turbulent structure
or hydromagnetic wave, so this detector need only be able to identify the
presence of a specific structure. This will probably require only a magnetic
field measurement. Two detectors can determine one component of the
velocity and can measure the length of one chord of a cloud, while four detec-

tors can give all three components of the velocity.

Acceleration by electric fields at plasma boundaries, Ferraro (1952)

showed that when a proton-electron pair is stopped by a magnetic field in free

space, the proton will transfer nearly all its energy to the electron by the time

the forward motion of the ion pair has stopped. The energy will be transferred
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back to the proton as the ion pair is accelerated back out of the magnetic
field. This energy transfer depends on an electric field set up as the ion
pair enters the magnetic field. The proton will tend to penetrate deeper into
the field than the electron, so the electron will be dragged along and accel-
erated by the electric field set up because of charge separation, If a back-
ground plasma is present, this field will be much smaller than it would be in
free space, and the proton's energy will be distributed among many electrons
in the background plasma rather than being transferred to the one incident
electron. Therefore, depending on the relative densities of the stationary
and streaming plasmas, electrons may temporarily be accelerated up to the
energy of protons of the solar wind in some regions of space, and in other
regions no such acceleration will be noted. Since this is a reversible accel-
eration mechanism, i.e., the accelerated electrons will not be trapped but
will transfer energy back to the protons after they are reflected, it is
important to distinguish between these electrons and electrons accelerated by

other mechanisms.

Energy can also be transferred from protons to electrons by the excitation
of plasma oscillations. Noerdlinger (1961) reviewed the models which have
been proposed, and showed that in the absence of a transverse magnetic field
it is unlikely that large amplitude oscillations would be excited in the inter-
action of a plasma similar to that streaming (rom the sun with a stationary
plasma similar to that surrounding the earth. It is possible, however, that
plasma oscillations are important in the case of interest here, because of the

presence of the earth's magnetic field.

Acceleration in gas clouds. Veksler {1958) has described a mechanism

by which the kinetic energy of a gas cloud (which is initially carried mainly
by the protons) can be transferred to the electrons as the cloud moves in a
magnetic field. In this mechanism, the motion of the cloud across a magnetic
field causes a current to be set up within the cloud. The energy carried by
this current is then dissipated as heat within the cloud, and a drag force is
produced which retards the motion of the cloud. In this manner, an appreci-
able fraction of the kinetic energy of the cloud can be transferred to electrons
within the cloud. Since solar-wind protons have energies on the order of a
kilovolt, this provides a mechanism for the production of kilovolt electrons

in the boundary region,



TDR-62-133

Experimental tests are required to determine which, if any, of the mech-
anisms described to produce kilovolt energy electrons are important. Accel-
eration of electrons by electric fields set up at plasma boundaries and in gas
clouds can be studied by measuring the electron energy spectrum as a function
of position within the boundary region. Because of the thin interfaces involved,
measurements must be made at intervals of one or a few tenths of a second,
as discussed previously in connection with magnetic field measurements. The
electron energy range of interest is from 10 ev to 10 kev, and the vehicle
potential again must be measured to obtain accurate information on particles
with energies of less than 100 ev. To distinguish between the various mech-
anisms, some angular information is also required. The reversible acceler-
ation mechanism will only be important at interfaces between a strearning
plasma and a magnetic field, and the electrons will have their maximum
energies when they are moving parallel to the interface. Acceleration in
clouds will be important in regions in which clouds are moving across field
lines. Plasma oscillations can be measured with a detector which is sensitive

to oscillations near the plasma frequency.

This completes the group of mechanisms which can accelerate ambient
particles in the boundary region. The energy ranges which were seen to be
most important are 10 ev to 10 kev for electrons and 1 kev to 1 Mev for pro-

tons,

4. ACCELERATION THROUGHOUT THE MAGNETOSPHERE ,

The energy sources which are available throughout the magnetosphere are
solar photons, hydromagnetic waves, and electromagnetic radiation. Solar
photons are an important energy source in the atmosphere but, because of the
conservation of energy and momentum, a free electron cannot absorb all the
energy of an incident photon. The maximum energy that can be transferred

from a photon with energy hv to a free electron is (Evans, p. 676, 1955)

hy
1+ (mcz/hv)

E =

where m is the electron mass. For a 100-ev photon, this energy is 0.04
electron volt. Energy transfer to atomic electrons is more efficient, but

about 10'5 2 of hydrogen is required to reduce the intensity of a

g cm’
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100-ev photon beam to 1/e of its initial value (Henke, White, and Lundberg,
1957). About 1l erg . cm™% sec™! of energy reaches the earth from photons
with energies between 75 ev and 200 ev (Hinteregger, 1961). Therefore, even
in a region in which the hydrogen density is 103 cm"3, electrons in this energy
range are produced at the rate of only 10°% cm™3 . day-l, so extreme ultra-
violet radiation does not appear to represent an important source of energy

for the production of charged particles with energies above 100 electron volts.

Most mechanisms which can take place throughout the magnetosphere trans-
fer energy through the formation of hydromagnetic waves in the boundary
region. These waves can then carry energy into the magnetosphere and can
transfer some of this energy to trapped particles. Since hydromagnetic wave
mechanisms involve two energy transfer steps (the formation of waves and
the interaction between waves and trapped particles), they are rather ineffi-
cient. However, the solar wind is such a large ernergy source (assuming a
density of ten 50(-ev protons per cms, the solar wind can supply the maximum
energy that can be trapped in the radiation belts within a half hour) that even

very inefficient mechanisms using this energy can be iraportant.

To discuss the acceleration of trapped particles caused by interactions
with hydromagnetic waves, it will be necessary to recuall something of the
particles' motions. Trapped particles execute three basic types of motion:
a spiraling around field lines, a bouncing along field lines from one mirror
point in the northern hemisphere to one in the southern hemisphere, and a
slow drift around the earth. Each of these motions is associated with an
adiabatic invariant (Northrop and Teller, 1960). The first invariant is the

magnetic moment

. - _E , _E°
“"2m B T B 2
m ZBmmoc

where PJ. is the component of the particle's momentum perpendicular to the
field, m is the rest mass, B is the field strength, Bm is the mirror point
field strength, and E is the kinetic energy. The magnetic moment of a
particle moving in a disturbed field is conserved if the time scale for the field

perturbation is much longer than the particle's cyclotron period. Therefore,
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any interaction which is slow compared to the cyclotron period and which

alters the mirror point of a particle must also alter its energy.

The second or longitudinal invariant can be written

where v is the component of the particle's velocity along a field line, v is

l
the total velocity, ds is an element of length along the field line, and the inte-
gral is taken from one mirror point to the other, This quantity is conserved
if field perturbations are slow compared to the bounce period of the trapped

particle.

The third or flux invariant states that the surface traced out by the guiding
center of a particle will remain fixed if the perturbation takes place much

more slowly than the drift period.

Fermi acceleration from small amplitude hydromagnetic waveg, Hydro-

magnetic waves can be propagated through the magnetosphere with frequencies
up to the local ion cyclotron fregquency, so there is no assurance that any of
the adiabatic invariants will be conserved for protons in the magnetosphere.
However, to date there cre no observations of hydromagnetic disturbances
with frequencies higher than a few cps. If a cutoff near 1 cps exists, then the
magnetic moment of protons with er.lergies below a critical value would be con-
served (Dragt, 1961). This critical energy is presented in table 1 for a
variety of cutoff frequencies and for particles mirroring at various latitudes
in a dipole approximation to the earth's field. It can be seen that the critical
energy depends very sensitively on the cutoff frequency and mirror point
latitude if this latitude is less than about 30°. It is equally sensitive to errors
in the hydromagnetic wave velocity, which was teken from Dessler, Francis
and Parker (1960). A reasonable set of values to use could be based on the
assumption that hydromagnetic waves extend up to the local proton cyclotron
frequency beyond 5 to 8 earth radii, and that below this level a cutoff at 1 to 5

cps exists.
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Because of their higher cyclotron frequencies, electrons are less suscep-
tible than protons to scattering by hydromagnetic waves. Table 1 shows that
the critical energy below which the magnetic moment is conserved 1s much
higher for electrons than for protons at high altitudes. The second adiabatic
invariant will not be conserved for electrons since bounce irequencies are

never higher than a few cps.

Any mechanism that changes the mirror point of a charged particle without
changing its magnetic moment will also change the particle's energy accord-
ing to the formula presented in the discussion of adiabalic invariants, A
particle whose mirror point moves down a field line will be accelerated until
it strikes the dense atmosphere surrounding the earth. Since the field
strength high above the earth is only a few tens of gammas and the field
strength near the earth's surface is in the tens of thousands of gammas,

acceleration by as much as a factor of 1,000 is possible.

When a hydromagnetic wave passes the mirror point of a charged particle,
the field will initially become compressed, and the mirror point will move up
the field line. As the wave passes, the mirror point will return to its
initia) position. A hydromagnetic wave, then, causes the mirror point of a
charged particle to oscillate up and down along a field line. The trapped
particles will therefore be reflected from moving magnetic disturbances, and
the result of a large number of interactions will be a transfer of energy to
the charged particles. This process has been discussed in some detail by
Parker (1961a). He showed that with a given initial distribution of particles,
this mechanism will result in a net loss of energy from the trapping region;
some particles will be accelerated, but enough will either be decelerated or
lost so that there is a net energy loss. it is, however, possible for this type
of acceleration to produce an increase in the count rates of experimental
instruments. For example, assume a group of kilovolt particles is produced
so that they mirror in a 30 y field. These particles would, of course, not be
seen by a detector with a 30-kilovolt threshold. As a result of interactions
with hydromagnetic waves, some of these particles will move down the field
lines, and in cases in which the magnetic moment is conserved, the energy
of those whose mirror points reach a field strength of 1,000 y will have

energies of more than 30 kilovolts, so they could be seen by the detector.

10
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Table 1

CRITICAL ENERGIES FOR CONSERVATION
OF THE MAGNETIC MOMENT

L {earth radii) 2 3 4 5 6 8 10
Electrons o

Vrmax = 1 cps; A>30 5(8) 5{7) 1°7) 3(6) 8(5) 6(4) 8(3)
Protons °

Vmax = 1 cps; A\>30 1.5(8) 1.5(6) 8i4) 73)

Electrons o

Vmax = 5 cps; A>30 1(8) 17) 2(6) 4(5) 8(4) 3(3) 3(2)
Protons o

Vax - 5 cps; A>30 7(6) 8(4) 3(3) 3(2)

Y {cps) 59 18 7.4 3.9 2.2 .92 .47
Electrons o

Venax - vp; A>30 17) 2(6) 1(6) 6(5) 3(5) 8(4) 3(4)
Protons o

Ymax = Yp' 30 5(4) 5(3) 1.5(3) 4(2)

Electrons o

Vax = 1 cps; A = 20 9{8) %7 2(7) 5(6) 1.5(6) 1.5(5) 2(4)
Protons o

Vmax - 1 cps; A= 20 3(8) 4(6) 2(5) 2(4)

Electrons °

Voax = 1 €Psi A =10 1.5(9) 1.5(8) 3(7) 9(6) 3(6) 4(5) 6(4)
Protons °

Voax = 1 cps; A\ =10 9(8) 1.5(7)  6(5) 5(4)

i1
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An increase in flux caused by a breakdown of the longitudinal invariant,
therefore, does not require a mechanism which produces a net energy in-
crease, but only requires the injection or production of a large number of

moderate-energy particles.

Fermi acceleration from large amplitude waves, The changes that take

place as a wave propagates down a dipole field line which crosses the equator
at 10 earth radii is shown in figure 1. At &, the wave is peaked, and particles
which are located within the shaded region and which mirror at a field strength
smaller than that at the peak of the wave will be trapped between the moving
wave and the stationary field of the earth. These particles will be accelerated
each time they are reflected from the wave, and their mirror points will be
lowered rapidly. Some particles will acquire enough energy to penetrate the
wave, while others will remain trapped when the wave reaches point b in
figure 1. When the wave reaches point ¢, the peak will have disappeared, so
rapid acceleration will no longer take place. This mechanism will therefore
rapidly lower the mirror points of trapped particles to the point at which

peaks are no longer present on plots like figure 1.

The altitude at which this lowering ceases is illustrated in figure 2. Here
dB/ds, where B is the field strength and s is a distance along a field line,
is plotted for a dipole field line passing over the equator at 10 earth radii.
This same quantity is shown for hydromagnetic waves with amplitudes of 1 to
300 gammas at 10 earth radii and rise times of 1 second. In this figure, it
is assumed that the energy flux density remains constant as the wave propa-
gates inwards, so the amplitude, dB, varies as V;VZ where Va is the Alfen
velocity. Therefore, wave amplitudes at 6}2 and 5 earth radii are about |2
and 1/3 the values indicated on figure 2 for 10 earth radii. It can be seen
that if waves with amplitudes of about 10 gammas are present at 5 earth radii
(the equivalent of 30 gammas at 10 earth radii), then trapped particles along
this field line will have their mirror points lowered rapidly to about 5 earth
radii.

Hydromagnetic disturbances can also result in a diffusion of charged parti-
cles across field lines (Parker, 1960; Herlofson, 1960). Whenever the mag-
netic moment is conserved, any diffusion of charged particles either along

or across field lines will result in a change in the energy of the trapped

12
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particles as discussed previously in connection with adiabatic invariants,

The measurements required to investigate the importance of Fermi accel-
eration throughout the magnetosphere involve a rather complete study of
hydromagnetic waves including the shape, amplitude, and velocity of individual
waves and the frequency spectrum of all waves which pass a given point in
space. Wave velocities can be calculated if the magnetic field strength and

plasma density are known.

Heating by hydromagnetic shock waves, It was seen in the last section

that at altitudes below about 3 earth radii, protons may be accelerated because
of interactions with low-frequency hydromagnetic waves. However, the ex-
tent of this acceleration is limited to about a factor of 10 to 100 since this
mechanism increases the component of kinetic energy directed along a field
line and, therefore, lowers the mirror point of the trapped particle into the

atmosphere.

In regions in which the wave frequency approaches the proton-cyclotron
frequency, scattering will take place so acceleration need not lower the mirror
points as drastically. Dessler, Hanson, and Parker (1961) discussed the
formation of hydromagnetic shock waves above the night side of the earth and
showed that ambient protons can be rapidly accelerated to about the wave
velocity, which can amount to an acceleration from thermal energies to 100
kilovolts at 1.5 to 2 earth radii, 1 kilovolt at 4 earth radii, and about 10
electron volts at 10 earth radii. This is really just another form of the Fermi
mechanism as it involves the reflection of a trapped proton from the sharp

crest of a hydromagnetic shock wave.

Since a large-scale acceleration of protons at low altitudes requires hydro-
magnetic waves with a high frequency component, the experimental measure-
ment required is the frequency spectrum of hydromagnetic disturbances below

about 4 earth radii in the range of 1 to 100 cps.

Betatron acceleration, If the magnetic field in which a charged particle is
trapped undergoes a slow, uniform compression, the energy of the charged
particle is increased. The fractional energy increase is a function of the speed
and pitch angle of the trapped particle, but reaches a maximum value equal to

the fractional increase in field strength when the particle is nonrelativistic
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and when the particle mirrors at the magnetic equator. Both protons and
electrons can be accelerated by this mechanism, though it is slightly easier
to increase the energy of a proton ihan that of an e¢lectron at the same energy
because of the relativistic effect. At energies below 200 kilovolts, electron
accrleration by the betatron mechanism is at least half us efficient as proton
acceleration. The effect of this mechanism on trapred particles has been
discussed in more detail by Coleman {1961). lle sbowad that for an isotropic

particle flux whose energy spectrum is initially given by

N{>E) =k~

betatron deceleration results in a slight decrease in y(hardening}. In the
above expression, N{ > E ) is the number of particles with vnergies greater
than E, and k and y are parameters. If v is initially 2.0, it will increase
to 3.1 if the fieid strength is increased to 1.6 times its initial value and it
will decrease to 2.9 if the field strength is decreased to (.4 tuncs its initial

value.

Dessler and Karplus (1961) have described the effects of betatron accelera-
tion produced by field changes accompanying the formation and disappear-
ance of a ring current. This provides a mechanism by which the energy
spectrum and flux of high-energy particles can be altered as a result of the
acceleration, deceleration, injection, or removal of a large number of low-

energy particles,

Gold (1959) suggested that since the magnetosphere is separated from the
conducting earth by an insulating layer (the atmosphere), portions of the mag-
netosphere may undergo convective motion, Axford and Hines (1961) have
elaborated on this model and have described a convection system which may
be set up in the magnetosphere, and which would carry particles downward
from the boundary region. These particles would be accelerated by the beta-

tron mechanism as they are carried into regions of higher field strength.

The importance of the betatron mechanism can be determined by measuring
variations in the magnetic field strength as a function of time and by measuring
any large-scale convective inotions. From these measurements and the initial
energy spectrum of trapped particles, the energy spectrum that would resuit

from betatron acceleration alone can be-calculated at any later time, so that
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changes due to this mechanism can be separated from changes due to other

mecheanisms.

Neutral line mechanism. If an electric field is set up between two points

in the magnetosphere, pariicles cannot in general flow rapidly to neutralize
this field because the conductivity across field lines is relatively low. If a
neutral line (a line along which the magnetic {ield strength is zero) were
suddenly set up so thal it connected these poinis, a discharge of particles

could take place, and those particles would be accelerated by the electric

field. If the neutral line is moving, an electric field of magnitude E = yxB/c
can be set up because of the motion alone. This mechanism has been described
by Dungey (1958). Akasofu and Chapman (1%561) have proposed that neutral

lines could be responsible for the rayed structure seen in auroras.

Neutral points or lines can be formed because of the mixing of the earth's
field with the interplanetary field. It is slso possible to form neutral points
or lines on the surface of a cloud of solar plasma if il enters the magnetosphere,
provided the cloud contains a magnetic field., The maximum path length for
acceleration on a cloud's surface is equal to the cloud length, and the potential
which could be set up depends on the cloud velocity and the field strength., For
cloud dimensions on the order of 1, 000 kilometers, field strengths of 30 vy to
100 v, and velocities of a few hundred kilometers per second, acceleration to
an energy of tens of kilovolts is possible. Finally, neutral lines could be
formed in the vicinity of a very strong ring current (Akasofu and Chapman,
1961). The most likely place in the magnetosphere for such a neutral line to

form is over the night side of the earth.

When an x-type neutral line is formed, particles are accelerated along the
line. To explain aurora production, Akasofu and Chapman (1961) noted that
the magnetic moment of a particle is not conserved in the vicinity of a neutral
line. Therefore, particles are spread within the thin sheet in which acceler-
ation takes place, so that some will be traveling along field lines when they
leave the acceleration region and will strike the dense atmosphere. Particles
which are trapped along a field line parsing through a neutral point will also
be scattered because of the nonconservation of the magnetic moment in the
vicinity of the neutral point. A neutral point can, therefore, also serve to
remove trapped particles from a given region by scattering them into the

dense atmosphere.
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A magnetometer passing near a neutral point would detect a change in the
direction of the field, though the ficld strength would not go to zero. However,
the observation of such a change would not necessarily imply the presence of
a neutral point. It is therefore necessary to obsecrve the accelerated particles
to determine i: this mechanism is important, The ¢nergy range of interest
for acceleration of background particles 1s 1 kev to 100 Lev. Any particles
trapped along a line of force passing through a neutral point can be scattered
into the dense atmosphere, so that the {iux of particies above the maximum
energy to which acceleration is taking place would be reduced aiong these field
lines. The detection of a region with such an energy asvectrurmn would imply

the presence of a neutral puint or line,

Acceleration by electromagnetic radiation. lHelliweli and Bell (1960)

suggested that trapped particles could be accelerated by interactions with
whistlers or other low frequency electromagnetic radiation in the magneto-
sphere. This mechanisn: involves the coupling of energy hetween ur ellipti-
cally polarized wave traveling along a field line and a trapped particle whose
cyclotron [requency is near the wave frequency. karker (1°61) has studied
this mechanism in sume detail and has coicluded that f very strong whistlers
are present, rapid synchronous acceleration of trapped electrons is possible,
while whistlers with smaller amplitudes will produce a slower nonsynchronous
or transresonant acceleration resulting from a random walk drift in electron
velocity., A preliminary report of measurements made by Cain, Shapiro,
Stolarik, and Heppner {1961) indicate that some whistlers are strong enough
to produce rapid acceleration. However, since whistler armnplitudes do not
increase greatly with increasing solar activity, this mechanism cannot produce
the large-scale changes in trapped particle fluxes that are observed during
magnetic storms. The measurements required are a determination of the
frequency spectrum of whistlers or other low-frequency electromagnetic dis-

turbances in the magnetosphere.

L.quilibration, It is certain that much of the trapped radiation is not at a

Maxwell equilibrium, and that energetic trapped particles will transfer energy
to the background plasma. The rate at which energy will be transferred can
be determined from the equipartition times given by Spitzer (1956). FElectrons

with energies below about 10 kilovolts will transfer an appreciable fraction of
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their energy to electrons in the background plasma. Electrons with energies
above about 100 kilovolts will probably not lose much energy in this manner,
since they are likely to be lost because of interactions with hydromagnetic
waves. As an example of the importance of this source of heating, assume
kilovolt electrons are present with a density of 1 per cm3 {flux of 2 x 109

-2 L.

- 2
cm - sec If the background plasma density is 14~ electrons and ions

3

per cm3, about 250 ev + cra” " . day'l of energy is dissipated by this mech-

anism, An equal flux of lU-xilovell electrons would dissipate about 40 ev

crn~3 . day—]. Moderate energy protons are a less important source of
heating of the background electrons since they can be lost by charge exchange

and scattering from hydromagnetic waves before dissipating much energy.

The importance of high-energy trapped particles in the heating of the back-
ground plasma depends on the particle lifetimes and on the charged particle
density. The measurements required are o determination of the electron
temperature and density, particularly in the outer Van Allen belt. These

measurements will also aid in determining the lifetimes of trapped electrons.

Collisiona) acceleration, High-energy trapped particles can undergo

ionizing coilisions with hydrogen otoras in the magnetosphere, and the second-
ary electrons produced will then contribute to the flux of trapped radiation,
Above the oxygen-nitrogen atmosphere, trapped electrons with energies below
10 or a few tens of kilovolts can transfer an appreciable fraction of their
energy to secondary electrons, while protons will not do so. Most of the
secondary electrons will have energies of less than a kilovolt, but a small

fraction will have higher energies,

In the dense atmosphere, however, both protons and electrons will lose
energy rapidly and will produce a large number of secondary electrons.
Therefore, at altitudes of less than 1,500 km, secondary electrons can form
an appreciable fraction of the electron flux { kellogg, 1960). Because of the
short lifetimes of electrons mirroring at these altitudes, however, these
electrons will not supply an important contribution to electron fluxes observed

at radial distances of more than 1.5 earth radii.

Summary, The mechanisms will be summarized by regrouping them ac-

cording to the type and energy of the particle which can be accelerated:
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a. Kilovolt protons can be produced in the boundary region by Fermi accel-
eration from moving turbulent structures or clouds. l'rotons with energies
of a kilovolt and below can be produced at radial distance of 4 earth radii and

above, because of heating by hydromagnetic shock waves,

b. Protons with energies of tens of kilovolts can be produced in the vicinity
of neutral points or lines, Farticles accelerated by this mechanism could be
found in almost any part of the magnetosphere. The proton spectrum produced
by Fermi acceleration has ahighenergy tail that extends to tens or hundreds of
kilovolts. Protons could be accelerated to tens of kileveits below 4 earth radii

if high-frequency hydromagnetic waves or shocks are formed in this region.

c¢. Kilovolt electrons can be produced within the Loundary region by accel-
eration in clouds or by the setting up of plasmna oscillations, Electrons may
also be temporarily accelersted to kilovolt energies near the interface at
which the solar plasma is deflected. In regions in which a large flux of high
energy protons or electrons is present, kilovolt energy secondary electrons
will be produced by collisions of the high-energy trapped particles with ambient
atoms, At altitudes of about 2,000 km and below, secondary electrons can form

a large fraction of the electron flux,

d. Electrons can be accelerated to tens of kilovolts in the vicinity of
neutral points or lines. If a large flux of kilovolt electrons is produced in
the boundary region, their energies can be increased to tens or hundreds of
kilovolts as a result of Fermi acceleration, Electromauagnetic radiation is
capable of accelerating electrons to tens of kilovolts, This process would
take place rather slowly and would not cause a sudden change in fluxes during

a magnetic storm.,

e. DBetatron acceleration could increase the energy of any trapped particle.
The fractional energy increase, however, is limited by the fractional change
in field strength. Petatron acceleration could be caused by an increase in the
solar-wind pressure, by the motion of a group of particles in a convection
system, or by a decrease in the intensity of a ring current. An increase in

a ring current would decelerate trapped particles,.
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5. MEASUREMENTS REQUIRED TO INTE RPRET TESTS OF ACCELERATION
MECHANISMS.

Measurement of ambient conditions. Ary interpretation of experimental

results in terms of acceleration mechanisms will be unreliable unless the
fluxvs of ambient particles which are available to be accelerated is known.

It is therefore important to obtain an accurate picture of the magnetosphere
during quiet times, and to obtain measurements of the density and temperature

of the background plasma during quiet and disturbed times.

Particle lifetimes, Even if it is determined that a given mechanism is

producing energetic particles at a given rate, it is not possible to decide with
certainty whetiier this mechanism is producing the obse¢rved flux of t-apped
particles or whether it is rnerely making an insignificant contribution to this
flux unless the lifetimes of the trapped particles are known. The most
important measurements that are required to determine lifetimes are measure-
ments of the epeed, direction of motion, and detailed shapes of hydromagnetic
waves, and measurements of the density and temperature of the background
plasma and the neutral atorns. Measurements near & earth radii and below
are particularly important since in this region the characteristic times [or a
change in mirror points of trapped particles due to interactions with hydro-
magnetic waves becoemes long, and scattering from atmospheric atoms and

ions becomes important in determining lifetimes.

Asymmetry of the mapnetic field, Some acceleration imechanisms will be

far more eificient on one side of the earth than on the other side. An idea

of the extent of the Van Alien belts and of the boundary region is therefore
required on both the night side of the earth and the day side. The form of the
inner Van Allen belt is probably nearly the same on the two sides. There is
some evidence to indicate distortion of the outer belt by the solar wind
(Liemohn, 1960). The boundary region is certainly quite different on opposite

sides of the earth.

I particular, it should be noted that when the longitudinal invariant is
conserved, particles will reach lower altitudes and will mirror at smaller
latitudes over the night side of the earth then over the day side. A thin sheet
of particles will also broaden as it drifts around the earth, and any mechanism

which could move the mirror points of these particles towards the equator
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along a field line on the day side of the earth would cause the belt to drift

inwards over the night side.

6. CONCLUSIONS.

The conclusions of this work will be summarized by comparing the observed
trapped particle fluxes with the fluxes that could be produced by various accel-
eration mechanisms in each region of space. A set of experimental tests
that could determine which mechanisms are most important in each region will

then be outlined.

In the boundary region, it was seen that protens can be accelerated to ener-
gies of several hundred kilovolts, and electrons to eunergies on the order of a
kilovolt. The most important measurements to be made in this region to de-
tect the presence of these particles and to determine how they are produced

are as follows:

a. A determination of the proton energy spectrum from 100 ev to 1 Mev,

with primary emphasis on the region from 1 kev to 100 kev,

b. A determination of the spatial distribution of protons with energies
from a few electron volts to a few kilovolts. This measurement will detect
the presence of turbulence and should be correlated with a measurement of

the vector magnetic field.

¢. Magnetic field measurements with two magnetometers separated by a
distance of several hundred kilometers. This measurement will determine
the size, speed, and direction of motion of turbulent structures and hydro-

magnetic disturbances.

d. A determination of the electron energy spectrum from 10 ev to 10 kev.
A crude measurement of the angular distribution will assist in determining

which mechanism is most important in producing these particles.

e. A measurement of the amplitude of magnetic or electromagnetic dis-
turbances 1n the frequency range of 10 kc¢ to 1 mc to detect the presence of

plasma oscillations.

Seversal mechanisms could produce the energetic electrons which have been
detected in the outer Van Allen belt. The neutral-line mechanism may be

responsible for the electrons in the rayed auroral forms, but is is not likely
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to be important in supplying the rather uniform flux of electrons with energies
in the tens and hundreds of kilovolts which have been detected from the boundary

region near ten earth radii down into the inner Van Allen belt,

Betatron acceleration due to an increase in the solar-wind pressureor a
decrease in the intensity of a ring current could cause a large increase in the
flux of electrons with energies above about 1 Mev. In this energy range, the
spectrum is quite steep, so a small fractioral change in the energies of all
trapped particles would result in a large change in the {lux observed above a
given threshold. From 10 kev to 100 kev, however, the energy spectrum is
rather flat (O'Brien, Van Allen, Laughlin, and Frank, 1942), and it does not
appear possible to account for the observed 1t-te 20-fold variations in the
electron flux throughout this energy range in terms of betatron acceleration

alone,

It is more likely that Ferini acceleration within the magnetosphere, possibly
coupled with betatron acceleration caused Ly large-scale convection within the
magnetosphere, is responsible for the productic of energetic electrons in the
outer Van Allen belt. Lifetimes of 100-kilovolt clectrons in the outer belt due
to Fermi acceleration during quiet times have been estimated (Parker, 1961a)
to be a few months, and at high altitudes the characteristic times are much
shorter. Since these characteristic times are inversely proportional to the
square of the hydromagneiic wave amplitude, it is possible that during mag-
netic storms, lifetimes could be reduced to the order of a day. Therefore,
mechanisms are available for producing kilovolt electrone in the boundary
region and mechanisms are available for accelerating these electrons along
field lines to energies on the order of 100 kev. It is also possible that this
acceleration could take place in about a day, so that it could produce a large

change in the flux of trapped particles during a single magnetic storm.

Any of several mechanisms could carry these energetic particles from the
boundary region down to the heart of the outer Van Allen belt near 4 earth
radii. The large-scale convection system mentioned previously could carry
kilovolt energy particles quite efficiently. Higher energy (100 kev) particles
would tend to drift out of the convection system, and would alternately be moved
inwards and outwards on successive passes through the convection systemn.
They could still experience a fairly rapid net inwards drift because of repeated

interactions with the convection system.
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It is also possible that the boundary region is compressed down to about
4 earth radii during magnetic storms, or that large-scale intrusions are
formed which extend down to low altitudes. These mechanisms would produce

energetic particles directly in the outer Van Allen belt,

Finally, a breakdown of the third adiabatic invariant during magnetic storms
can result in a motion of trapped particles across field lines (Parker, 1960).
This mechanism does not appear to be fast enough to carry particles from the
boundary region near 8 or 10 earth radii down to 4 earth radii during a single
storm, but it may be quite important in determining the distribution of particles
in the relatively stable portions of the magnetosphere (such as the inner portion

of the outer Van Allen belt).

The changes in trapped particle fluxes during a storm can now be investi-
gated. During quiet times, electrons would be accelerated in the boundary
region, and the observed flux in the outer belt could either represent an
equilibrium with electrons being continuously injected by a convection system
and removed by the convection system and other loss mechenisms, or the
observed flux could simply be decaying slowly, with a characteristic time

of several months.

The onset of a magnetic storm would be accompanied by increased hydro-
magnetic-wave activity. Initially electrons in the boundary region would be
accelerated in greater numbers and to higher energies than during quiet
times, and the lifetimes of electrons throughout the magnetosphere would
decrease. The first detectable result in the outer belt would therefore be an
increase in the loss rate with no increase in the rate of injection. After some
period of timme the injection rate would 1ncrease as new particles are carried
down by the convection system, as the interface is compressed, or as large
scale intrusions form. This would, then, produce an increase in the flux

to above the quiet-time value.

The measurements required in this region from the interface down into the

outer belt are therefore:

a. Observation of the spatial distribution of electrons with energies be-
tween 100 ev and 100 kev. These measurements would detect the presence

of intrusions or a convection system carrying kilovolt electrons, and by
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measuring the time required for these electrons to reach a given altitude
after the onset of a magnetic storm, could measure the velocity of such a

system.

b. A convcction system not carrying kilovolt electrons would at least
carry protons with energies between 10 ev and several kilovolts, so could
be detected with a low energy proton analyzer and magnetometer combination
similar to that which would be used to detect turbulence and Fermi acceler-
ation in the boundary region. If turbulent structures are carried along with
the convection system, their velocity would be measured with a two mag-

netometer experiment like the one described nreviously,

The details of dumping during a storm can be studied hy measuring the
mirror-point distribution of ¢lectrons in the energy range of 1 kev to 1 Mev,
and by investigating ihe frequency spectrumn of hydremagnetic waves. It is
particularly important to measure the wave spectrum below two earth radii
since the characteristic time for mirror-point lowering due to interactions
with hydromagnetic waves becomes long at low altitudes, and other processes
such as atmospheric scattering become important. Therefore, actual life-
times may depend very sensitively on the hydromagnetic wave spectrum at

low altitudes.

The mirror-point distribution can be obtained from the count rate of an
omnidirectional counter that either follows along a field line or cuts the line
at a number of points. A collunated counter with an infinitely smalil angular
aperture could determine the entire mirrcyr-point distribution by traveling
radially outward in the equatorial plane, but if the piich angle is only known
to an accuracy of A6 (a combined error due to uncertainties in the field direc-
tion and due to the angular resolution of the particle detector), then the error

in the mirror point field strength can be found by differentiation of the equa-
AB
. o -2408 . . .
= smz' €, giving Bm - 208 In these expressions, B is the field
m

tion ; ;
sinf

o o] loe}

m
strength at the detector and Bm is the field strength at the particle's mirror
point. If At equals five degrees and it is desired to limit the error in Bm to
50 percent, then mirror-point densities can be determined only to a point
where the field strength is eight times that at the observation point. An

interpretation of the count rate of an experimental instrument in terms of
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mirror-point densities requires a knowledge of the energy spectrum of the
particles detected. It is therefore preferable to detect particles in a few
narrow energy channels spread throughout the region of interest than to cover

the whole region in an equal number of broad channels.

If trapped particles are lost by acceleration along the field lines due to
interactions with hydromagnetic waves, a general lowering of mirror points
into the dense atmosphere should be observed. 'The rate of lowering would
depend on the energy of the trapped particles and on the hydromagnetic-wave
frequency spectrum. If expansion of the atmosphere is important, the altitude
at which the density of trapped particles drops off rapidly would increase dur-
ing the storm. If betatron acceleration and deceleration due to a ring current
are important, the change in the energy spectrum and the displacement of the

belts should agree with the calculation of Dessler and Karplus (1961).

Recently, several reports have been presented dealing with experimental
observations of changes in the flux of protons trapped below four earth radii
(Pizzella, Mcllwain, and Van Allen, 1962; Davis, 1962). Of the mechanisms
proposed to date, the only ones which can greatly increase the flux of protons
in this region during a single storm are direct injections and interactions with
hydromagnetic waves. Betatron acceleration due to the disappearance of a
ring current could alter the high-energy component of the proton flux signifi-
cantly, since the energy spectrum is quite steep here. It does not appear
possible to produce a very large flux of protons with energies between 100 kev
and 4.5 Mev by betatron acceleration alone, however, since the spectrum is

not very steep at the lower end of this range {Davis, 1962).

Two types of interactions with hydromagnetic waves were discussed. First,
low frequency waves can accelerate protons by the Fermi mechanism. As was
mentioned previously, however, particles on low-latitude field lines can be
accelerated by only about a factor of 10 to 100 in energy before they are lost
in the atmosphere, so a source of moderate energy protons is still required.
The only mechanism which has been proposed to accelerate protons from
thermal energy to energies in excess of a kilovolt is the interaction with high-
frequency magnetic disturbances of hydromagnetic shock waves. Since the
hydromagnetic wave velocity increases with decreasing radial distance (except

at very low altitudes), shocks will not form as waves propagate from a point
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on the houndary down to the earth. Therefore, the existence of high-frequency
hydromagnetic waves or shocks at radial distances of less than 4 earth radii
would imply the penetration of solar plasma down to about 4 earth radii or
below. This penetration could be due to the compression of the interface to

4 earth radii or below, to the formation of intrusions which reach down to
these altitudes, or to the extension of a convection system which carries

turbulent structures down to these altitudes,

Hydromagnetic shock waves could accelerate protons to the local Alfén
velocity, and Fermi acceleration could increase this energy by a factor of
10 to 100 on low field lines. A combination of these mechanisms could,
thercfore, produce protons with energies as high as several Mev below about
2 to 3 earth radii. It does not appear possible, however, to accelerate pro-
tons to even 100 kev at altitudes of 4 earth radii or above (the Alfen velocity
at 4 earth radii is about equal to the velocity ¢t a 1-kev proton). Since pro-
tons with energies in excess of 100 kev are observed well heyond 4 earth

radii, some other mechanism is required.

It was noted previously that protons with energies extending up to tens or
hundreds of kilovolts can be produced in the boundary region. The most
probable explanations for the presence of protons with energies between 100
kev and several Mev within the magnetosphere are that the protons are either
first accelerated in the boundary region and carried inwards {and further accel-
erated as they move to regions of higher field strength) by a convection system
or as the interface is compressed, or they are solar protons which are carried

inwards by these mechanisms.

No acceleration mechanisms have been proposed which could accelerate
trapped protons from thermasl energies to energies on the order of 100 Mev,
This leaves the neutron albedo mechanism and direct injection as the remain-
ing possibilities. It is possible, however, for the betatron or the Fermi
mechanism to increase the energy of these energetic protons by about a factor

of 10 to 100 on low field lines befure they are lost in the atmosphere.

Measurements required in the region from 1.2 to 4 earth radii and generally

over the equator are:

a. Measurements of hydromagnetic fluctuations to frequencies of 100 cps.
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b. Measurements of the proton spectrum from 1 kev to several Mev. 1If
a convection system brings these protons down below 4 earth radii, the flux
of protons with energies near 1 kev would increase first after the onset of a
magnetic storm, while protons with energies in excess of 100 kev would

increase more slowly due to the decreased speed of convection at high energies.

c. The proton spectrum from several Mev to 1,000 Mev should be analyzed
along with magnetic-field measurements to determiune if betatron or Fermi

acceleration appreciably altersthe energy of these protons.
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APPENDIX

Vehicle Potential

At low altitudes, a vehicle becomes negatively charged to a few volts
or less since a neutral vehicle will make more collisions with the fast
electrons than with the slower ions (Chopra, i961). At higher altitudes,
this effect becomes less important because the plasma density is small,
and here photoelectrons emitted frum the vehicle become important. For
the cases of a 25-ev plasma and a 1-ev plastna with densities of 102 cm-3,

10 9

a slow neutral vehicle will encounter an excess of about 3 x 10 and 7 x 10
-2 -1
c .

electrons - cm - se The following indicate the fluxes of photons

arriving in the vicinity of the earth with their energies:

>6 ev = 3x 1013 cm-z/ sec” !
>8ev = 1 x 1012' cm-z/sec-!
>10ev = 4 x 1011 cm_z/sec'
>12ev = 5 x 1010 cm'?“/sec-2
>30ev = 2 x 1010 cm-z/sec_

~ 9 -2 -2
»100ev =2 x10° cm 7/sec

{Hinteregger, 1961)

The photoelectric yield is on the order of 10 percent above 12 ev for most
metals and drops to | percent at 10 ev, at least for the metals (with relatively
large work functions) which were studied by Walker, Wainfan, and Weissler
(1955). The photoelectric yield could remain above 1 percent at photon
energies as low as 6 to 8 ev for some metals with small work functions.
The energy spectrum of photoelectrons produced by photons with energies
above 20 or 30 ev contains relatively few electrons with energies near that
of the incident photon, but is rich in low energy electrons. Therefore, the
vehicle potential will depend sensitively on the actual plasma density. If a
! ev plasma is present, the potential could be negative by one or a few volts
if the plasma density is slightly higher than 102 per cmz, but the potential

is more likely to be positive by less than twenty volts., If a 25 ev plasma is
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present, the potential could be anywhere from minus a few tens of volts to
plus ten or twenty volts. In a turbulent region the density may vary appreci-
ably in time intervals of a few seconds to a few minutes, so the vehicle poten-
tial could change by tens of volts during such intervals. The density of the

which would

streaming solar wind is about ten protons and electrons per cm3
result 1n a positive potential of less than about twenty volts beyond the boundary

region unless the plasma temperature is much higher than presently estimated.
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